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Fertilization in mammals stimulates a series of Ca21 oscillations that continue for 3–4 h. Cell-cycle-dependent changes in
he ability to release Ca21 are one mechanism that leads to the inhibition of Ca21 transients after fertilization. The
ownregulation of InsP3Rs at fertilization may be an additional mechanism for inhibiting Ca21 transients. In the present
study we examine the mechanism of this InsP3R downregulation. We find that neither egg activation nor Ca21 transients
are necessary or sufficient for the stimulation of InsP3R downregulation. First, parthenogenetic activation fails to stimulate
downregulation. Second, downregulation persists when fertilization-induced Ca21 transients and egg activation are
inhibited using BAPTA. Third, downregulation can be induced in immature oocytes that do not undergo egg activation.
Other than fertilization, the only stimulus that downregulated InsP3Rs was microinjection of the potent InsP3R agonist
denophostin A. InsP3R downregulation was inhibited by the cysteine protease inhibitor ALLN but MG132 and lactacystin
ere not effective. Finally, we have injected maturing oocytes with adenophostin A and produced MII eggs depleted
f InsP3Rs. We show that sperm-induced Ca21 signaling is inhibited in such InsP3R-depleted eggs. These data show that
nsP3R binding is sufficient for downregulation and that Ca21 signaling at fertilization is mediated via the InsP3R.
© 2000 Academic Press
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iINTRODUCTION
Prior to fertilization the mammalian oocyte is arrested at
metaphase of the second meiotic division. Fertilization
triggers the completion of meiosis and entry into the first
mitotic cell division, a process known as oocyte (or egg)
activation. The signal responsible for oocyte activation is a
sperm-induced increase in intracellular Ca21 (Kline and
Kline, 1992; Whitaker and Swann, 1993). In mammals the
Ca21 signal at fertilization takes the form of a series of
repetitive Ca21 oscillations that continue for 3–4 h and stop
round the time of pronucleus formation (Kline and Kline,
992; Jones et al., 1995).
The repetitive nature of the sperm-induced Ca21 signal is
necessary for complete oocyte activation. Inhibition of Ca21
transients with BAPTA completely blocks egg activation
1 To whom correspondence should be addressed at the Depart-
ment of Physiology, University College London, Gower Street,
London WC1E 6BT, UK. E-mail: j.carroll@ucl.ac.uk.0012-1606/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.Kline and Kline, 1992) and stopping Ca oscillations
prematurely severely retards pronucleus formation (Law-
rence et al., 1998). Single Ca21 transients induced by par-
henogenetic stimuli such as ethanol, ionomycin, or Ca21
injection can be sufficient to activate eggs (Swann and Ozil,
1994; Xu et al., 1997); however, in freshly ovulated oocytes
the rate of activation is low compared to that achieved with
stimuli that generate multiple Ca21 transients (Collas et al.,
995; Ozil, 1990; Xu et al., 1997). Despite the clear impor-
tance of Ca21 oscillations at fertilization, the mechanisms
controlling the typical fertilization-induced Ca21 changes
remain to be determined.
In most cells Ca21 release is generated in response to a
hormone or growth factor interacting with its receptor.
Receptor stimulation leads to the activation of phospho-
lipase C, which cleaves phosphatidylinositol 4,5-bisphos-
phate (PIP2), generating the Ca21-releasing second messen-
ger, inositol 1,4,5-trisphosphate (InsP3). InsP3 leads to an
ncrease in intracellular Ca21 by stimulating the opening of
its receptor, the InsP3 receptor (InsP3R). InsP3 and its251
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252 Brind, Swann, and Carrollreceptor are thought to be the main protagonists in the
generation of Ca21 transients at fertilization. Support for
nsP3-induced Ca21 release at fertilization includes an in-
rease in InsP3 mass at fertilization of sea urchin (Ciapa et
al., 1994) and Xenopus oocytes (Stith et al., 1994). Further-
more, inhibition of the InsP3R receptor with an anti-InsP3R
antibody (18A10) inhibits Ca21 release and egg activation
Miyazaki et al., 1992, 1993; Mehlman et al., 1996; Xu et
l., 1994). The signaling mechanism that leads to the
eneration of InsP3 at fertilization remains to be elucidated.
In mouse oocytes, it does not appear to involve a G-protein-
coupled receptor (Williams et al., 1998) or PLCg (Mehl-
mann et al., 1998), although there is a case for a role for
activation of PLCg in sea urchin eggs (Carroll et al., 1997;
hearer et al., 1999). Thus, in mammals the origin of the
activated PLC remains to be determined, although sperm
extracts that generate Ca21 oscillations in oocytes also have
PLC activity (Jones et al., 1999), thus a possible source of
the proposed InsP3 increase at fertilization may be the
ertilizing sperm.
There are three known isoforms of InsP3R that are ex-
ressed at different levels in different cell types (Nakagawa
t al., 1991; De Smedt et al., 1994; Wojcikiewicz, 1995). In
Xenopus (Kume et al., 1993; Parys and Bezprozvanny, 1995),
ouse (Parrington et al., 1998), and bovine (He et al., 1999)
oocytes the type I InsP3R is by far the most abundant
soform. However, mRNAs for all isoforms are present, at
east in the mouse (Parrington et al., 1998). They form
etramers in the membrane of the endoplasmic reticulum
nd consist of a large cytoplasmic domain containing the
nsP3 binding site, a membrane-spanning region containing
he Ca21 channel, and a small cytoplasmic C-terminus
(Mikoshiba, 1993; Berridge, 1993). The large N-terminal
cytoplasmic region provides the main region for cytoplas-
mic regulators to act. InsP3Rs are regulated by small modu-
lators such as InsP3, Ca21 itself, and ATP, as well as larger
rotein–protein interactions with, for example, calmodulin
nd FKBP12 (Taylor, 1998). Another recently observed
echanism for the long-term regulation of InsP3R activity
s its downregulation by proteolysis. This process has been
haracterized in cell lines (Wojcikiewicz et al., 1994;
ojcikiewicz, 1995; Sipma et al., 1998) and appears to
nvolve ubiquitination and subsequent degradation by the
roteasome (Bokkala and Joseph, 1997; Oberdorf et al.,
999). We recently showed that fertilization of mouse eggs
as a physiological signaling system in which InsP3R
downregulation was found (Parrington et al., 1998). This
may be a conserved adaptation of InsP3Rs at fertilization
since similar findings have now been reported in bovine
eggs (He et al., 1999). Here we have investigated the
mechanism underlying InsP3R downregulation. We show
hat the receptor is downregulated in the first 4 h of
ertilization and that it occurs after egg activation in re-
ponse to sperm but not to Sr21, ethanol, or cycloheximide.
he only means of mimicking the response was by micro-
njection of the InsP3R agonist adenophostin A. Further-
ore we show that fertilization and adenophostin canCopyright © 2000 by Academic Press. All rightownregulate InsP3Rs in immature oocytes. We have uti-
lized this to produce mature oocytes depleted of InsP3Rs. In
such oocytes we find that sperm-induced Ca21 signaling is
inhibited.
MATERIALS AND METHODS
Collection of oocytes and embryos. Mature oocytes were re-
covered from MF1 mice that had previously been administered
pregnant mare serum gonadotrophin (PMSG) and human chorionic
gonadotrophin (hCG) by intraperitoneal injection at an interval of
48 h. Mice were killed by cervical dislocation 14–16 h after hCG
and the oviducts were removed and placed into warm Hepes-
buffered modified Kreb’s ringer, M2 (Fulton and Whiitingham,
1978). The cumulus masses were released into M2 containing
hyaluronidase (150 u/ml) and the cumulus-free oocytes were recov-
ered and washed three times. Immature oocytes were recovered
from mice that had been administered an intraperitoneal injection
of 7 IU of PMSG 48 h previously. The ovaries were recovered from
mice as described above. Oocytes were released from the ovary by
scraping the edge of the ovary with a 27-gauge needle. Oocytes with
an intact layer of cumulus cells were collected before removing the
cells by repeated pipetting.
In vitro fertilization and parthenogenetic activation. The epi-
didymi were removed from a (C57 3 CBA)F1 male of proven
fertility and sperm were released into 1 ml of T6 containing 10
mg/ml Fraction V BSA (Sigma, Poole, Dorset). After 20 min the
sperm suspension was diluted into 5 ml of the same medium and
incubated at 37°C for 2 h. Just prior to the experiment fertilization
drops were prepared by adding 20 ml of sperm suspension to 200-ml
rops of T6 under paraffin oil. In order to synchronize the timing of
ertilization and ensure maximal rates of fertilization oocytes were
ertilized zona-free. The zona pellucida was removed using a brief
xposure to acid Tyrode’s medium followed by extensive washing.
he oocytes were placed into the sperm suspension and returned to
he incubator for 15 min. At the end of this period the oocytes were
emoved and washed in T6 before further culture in the same
edium. These conditions of in vitro fertilization resulted in
ispermic fertilization in approximately half the oocytes. Polysper-
ic fertilization is not thought to modify InsP3R downregulation
ince our previous study shows a similar time course of downregu-
ation after fertilization of zona-intact oocytes in which 95% of
ertilization is monospermic.
Parthenogenetic activation was stimulated using a number of
ifferent protocols. The activated oocytes were sorted into those
hat had extruded a polar body and formed pronuclei. Only oocytes
ith pronuclei were used for analysis of InsP3R levels by Western
blotting. For Sr21-induced egg activation oocytes were incubated in
Ca21-free M2 containing 10 mM Sr21 chloride. Ethanol activation
was performed by exposing oocytes to 7% ethanol in M2 for 7 min
at 37°C. For activation in a Ca21-independent manner oocytes were
ncubated for 6 h in T6 containing 10 mg/ml cycloheximide (Sigma)
r 3 h in 10 mM R0-31-8220 (Calbiochem). At low concentrations
O31-8220 is reported to be specific for PKC (IC50 10 nM). At
igher concentrations it inhibits many kinases and we have previ-
usly found that it activates mouse eggs at a concentration of 10
mM (Jones and Carroll, unpublished observations).
Inhibition of proteases. In order to inhibit proteases oocytes
were treated with a number of protease inhibitors (Calbiochem) at
fertilization. Oocytes were preincubated for 90 min to 2 h in 50 mM
LLN or MG132 or lactacystin or for 30 min in 100 mM caspase
inhibitor III. The oocytes were then exposed to sperm for 15 min ins of reproduction in any form reserved.
inhibitor-free medium before being returned to T6 containing the
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253InsP3R Downregulation in Mouse Oocytes at Fertilizationinhibitors. In the case of lactacystin frozen stocks were diluted and
used to make up fresh drops every 30 min. To inhibit lysosomal
proteolysis oocytes were transferred to T6 containing 20 mM
NH4Cl immediately after removal from sperm.
Microinjection. Mature or immature oocytes were pressure
injected with a micropipette and Narishige manipulators mounted
on a Nikon Diaphot microscope. Oocytes were placed in a drop of
M2 covered with paraffin oil to prevent evaporation. Pipettes were
back-filled with 100 or 10 mM adenophostin A (Calbiochem) in a
buffer containing 120 mM KCl and 20 mM Hepes. The oocytes
were immobilized using a holding pipette and the injection pipette
was pushed through the zona pellucida until it contacted the
oocyte plasma membrane. A brief overcompensation of negative
capacitance caused the pipette tip to penetrate the oocyte and a
dose of adenophostin A was applied using a pressure injection
system. Injection volumes were estimated to be between 1 and 5%
of the oocyte volume, giving estimated final oocyte concentrations
of 1–5 mM or 100–500 nM for pipette concentrations of 100 and 10
mM, respectively. The injected oocyte was moved to the bottom of
the field of view before starting the next injection. Survival rates
were .90%.
Ca21 recording. Oocytes or embryos were loaded with the
Fura-2 (Sigma) by a 15- to 20-min incubation in 2 mM acetoxy-
ethyl ester and 0.025% pluronic (Molecular Probes) in M2
edium. The zona pellucida was removed by a brief incubation in
cidified Tyrode’s solution (Sigma) and the zona-free oocyte was
ransferred to a heated chamber on the stage of a Zeiss Axiovert
icroscope or Nikon Diaphot. Fura-2 was excited at 340 and 380
m using a xenon lamp and emission fluorescence was collected
sing a 203 or 403 0.75 NA objective lens, passed through a
20-nm long-pass filter, and detected using a cooled CCD camera.
ata were processed using IonVision (ImproVision, Coventry, UK)
r Newcastle photometrics software (Lawrence et al., 1997). The
ata are presented as the ratio of the 340- and 380-nm fluorescence
alues. The absolute value of the ratio scales varied according to
he microscope system used.
Western blotting. The oocytes and embryos were removed
rom the freezer and loading buffer was added to the frozen pellet
efore vortexing, boiling for 5 min, and centrifugation at 16,000g
or 2 min. Aliquots containing the required number of oocytes or
mbryos (20–50) were subjected to 4% PAGE. The proteins were
ransferred to nitrocellulose and probed with the type I-specific
ntibodies, CT1 (Wojcikiewicz, 1995) or Ab40 (Zaidi et al., 1995),
ollowed by peroxidase-conjugated secondary antibodies. Immuno-
eactivity was detected using chemiluminescence and X-ray film.
or densitometric analysis blots were scanned and the total pixel
ntensity in each band was determined using NIH Image.
RESULTS
Time Course of the Decrease in InsP3R
mmunoreactivity
Our previous studies demonstrated that InsP3Rs had
ecreased within 8 h of fertilization (Parrington et al.,
998). To determine whether the decrease correlated with
ny of the events of egg activation the time course of the
ecrease in immunoreactivity was examined. Fertilization
nvolves the penetration of the zona pellucida and fusion of
he sperm and oocyte membranes. The timing of this
rocess is variable taking anywhere between 30 min andCopyright © 2000 by Academic Press. All righth. To synchronize fertilization, conditions under which
ocytes could be fertilized zona-free without becoming
xcessively polyspermic were established (see Materials
nd Methods). Oocytes were incubated for 15 min with
apacitated sperm and returned to culture for 1–6 h. At
arious time points throughout the culture period fertilized
ocytes were removed and frozen in preparation for West-
rn analysis. The subsequent Western blots revealed that by
h after exposure to sperm the levels of InsP3R had
ecreased to approximately half the control levels. By 4 h
he levels were 70% and by 6 h the maximal decrease to
0% of control levels of immunoreactivity had been
eached (Fig. 1). This indicates that the loss of InsP3R
protein occurs gradually and is not related to any specific
events of egg activation. The two main events that are
stimulated at fertilization are an increase in Ca21 and
resumption of the cell cycle.
The Effect of Parthenogenetic Activation on InsP3R
Levels
In order to explore the mechanism leading to the decrease
in InsP3R immunoreactivity we examined the level of
nsP3R protein in oocytes after artificial activation. Oocytes
an be parthenogenetically activated using Ca21-dependent
or Ca21 independent mechanisms. Sr21-containing medium
and ethanol were chosen as the Ca21-dependent means as
FIG. 1. Type I InsP3R expression is downregulated over 4 h after
sperm fusion. Western analysis of InsP3R in unfertilized (MII)
ocytes and fertilized eggs frozen for analysis at 2-h intervals after
perm addition to zona-pellucida-free eggs. One hundred eggs were
eparated by SDS–PAGE, transferred to membranes, and probed
sing the type I-specific antibody CT1 (A). Immunoreactive
nsP3R-I bands were quantified by densitometry (B). The expression
evel of InsP3R type I is decreased by approximately 50% 2 h after
ertilization and downregulation to approximately 20% is achieved
y 4 h. Data are representative of three independent analyses.s of reproduction in any form reserved.
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254 Brind, Swann, and Carrollthey produce very different Ca responses: in the case of
r21, a series of oscillations, while ethanol induces a mono-
tonic Ca21 transient that is sustained for the duration of the
xposure (Kline and Kline, 1992; Swann and Ozil, 1994). For
he calcium-independent methods of activation we used
ycloheximide and R0-31-8220, which presumably act by
nhibiting the synthesis of cyclin B (Kubiack, 1993; Moos et
l., 1996) and the activity of MPF, respectively. Surpris-
ngly, despite the wide-ranging mechanisms of action, anal-
sis of InsP3R levels in pronucleate stage eggs 6 h after
activation revealed that none of the parthenogenetic
stimuli were able to initiate the loss of InsP3R immunore-
ctivity (Fig. 2). This suggests that cell cycle progression
tself or the generation of increases in intracellular Ca21 is
ot sufficient to cause the loss of InsP3R protein.
The Effect of BAPTA on the Fertilization-Induced
Loss of InsP3R Protein
The results described above suggest that Ca21 itself is
nsufficient for the loss of InsP3R protein. To investigate
whether this is also true at fertilization, oocytes were
preloaded with BAPTA AM (10 mM for 30 min) (Molecular
robes) prior to fertilization. First we confirmed previous
bservations (Kline and Kline, 1992) that BAPTA treatment
bolished Ca21 signaling at fertilization. Direct measure-
ment of Ca21 in BAPTA-loaded oocytes demonstrated that
fertilization-induced Ca21 transients were completely in-
hibited (data not shown). In order to confirm that the lack of
Ca21 response was not due to inhibition of sperm–egg
fusion oocytes were stained with the DNA-specific fluoro-
chrome Hoechst (Sigma). In all oocytes examined (n 5 12),
sperm heads were present in the cytoplasm and the mater-
nal chromosomes remained condensed (not shown). West-
ern analysis of BAPTA-loaded oocytes revealed that, even in
the absence of Ca21 transients and egg activation, fertiliza-
tion remained a potent stimulator of InsP3R downregula-
ion (Fig. 3). Furthermore, control experiments revealed
hat BAPTA treatment in the absence of fertilization was
ot sufficient to induce downregulation, although it did
ead to a partial loss of InsP3R immunoreactivity to about
0% of control levels (Fig. 3). This experiment suggests that
ytosolic increases in Ca21 are not necessary for InsP3R
downregulation at fertilization.
Does Protein Kinase C (PKC) Play a Role
in the Loss of InsP3R Protein?
Since our data suggest that Ca21 is not the stimulus for
nsP3R downregulation we investigated whether the other
rm of the PIP2 hydrolysis pathway is involved. Oocytes
ere treated with phorbol ester (PMA) (100 nM) to activate
he diacylglyceride (DAG)-sensitive PKCs and to investi-
ate a role for PKCs in InsP3R downregulation. We ensured
MA was active by assaying germinal vesicle breakdown
GVBD) in immature oocytes. In the presence of PMA only
% (n 5 17) of immature oocytes underwent GVBD
ompared to 83% (n 5 12) of controls. Despite its provenCopyright © 2000 by Academic Press. All rightctivity, PMA failed to induce InsP3R downregulation in
four experiments. This suggests that DAG-sensitive PKCs
do not play a role in InsP3R downregulation (Fig. 4).
Can Stimulation of the InsP3R Cause
Downregulation?
The absence of any apparent role for Ca21 or PKC in
downregulation of InsP3Rs suggests that the sperm directly
FIG. 2. Parthenogenetic egg activation does not cause type I
InsP3R downregulation. Mature oocytes were exposed to 7% etha-
ol for 7 min, Sr21 (10 mM), cycloheximide (10 mg/ml), or kinase
nhibitor RO-31-8220 (10 mM), all of which bring about partheno-
genetic activation. Activated eggs were collected after 6 h (100 per
treatment) and protein was electrophoresed and blotted with CT1
next to control lanes of MII and fertilized eggs (A and B). (B) A
repeat analysis including an additional control lane of MII eggs aged
in culture medium for 6 h. The calcium transient and oscillations
caused in the egg by ethanol and Sr21, respectively, were insuffi-
cient as triggers for downregulation. Total protein synthesis inhi-
bition by cycloheximide and kinase inhibition were also insuffi-
cient, as was egg activation per se (C). The blots are representative
of independent experiments. Strontium, ethanol, and cyclohexi-
mide were repeated at least five times and the PK inhibitor and
cycloheximide/ethanol combination at least twice.s of reproduction in any form reserved.
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255InsP3R Downregulation in Mouse Oocytes at Fertilizationstimulates the loss of InsP3Rs or that it is caused by a
ifferent aspect of cell signaling at fertilization. To deter-
ine whether InsP3 production could stimulate downregu-
ation we first applied carbachol to activate muscarinic
cetylcholine receptors present on eggs. Carbachol leads to
he generation of InsP3 and stimulates a short-lived (1–3
min) Ca21 increase in eggs (Lawrence et al., 1997). However,
ocytes that were incubated for 30 min in 100 mM carba-
hol prior to 6 h in culture showed no sign of a decrease in
nsP3Rs (Fig. 5Bii).
During this work it became apparent that InsP3R down-
regulation in cell lines happens only in the presence of
persistent InsP3 production (Oberdorf et al., 1999) and an
InsP3R with an InsP3-binding domain (Zhu et al., 1999). To
test whether prolonged stimulation of the InsP3R causes
downregulation in oocytes, we microinjected a potent non-
metabolizable IP3R agonist, adenophostin A. First we exam-
ined the ability of adenophostin A to cause Ca21 oscillations
in eggs (Sato et al., 1998; He et al., 1999). Microinjection of
FIG. 3. BAPTA does not inhibit InsP3R-I downregulation at
ertilization. MII eggs were incubated with BAPTA-AM (10 mM) for
30 min prior to sperm addition, to abolish the Ca21 oscillation at
ertilization. Eggs were collected after 6 h (100 per treatment) and
rotein was electrophoresed and blotted with CT1 next to control
anes of MII and fertilized eggs and MII eggs aged for 6 h after
APTA pretreatment (A). The absence of both Ca21 transients and
egg activation did not prevent InsP3R-I downregulation at fertiliza-
ion. BAPTA treatment alone caused a partial decrease in expres-
ion to approximately 60% of control levels. The blot is represen-
ative of three independent experiments.Copyright © 2000 by Academic Press. All right00–500 nM adenophostin A stimulated Ca oscillations
in 7 of 10 eggs and a single large Ca21 transient in 3 (Fig. 5A).
After showing that Ca21 oscillations are generated we
examined its effect on the level of InsP3R protein (Fig. 5B).
he results show that adenophostin A caused extensive
ownregulation of InsP3R such that InsP3R protein could no
onger be detected. Adenophostin A is therefore the only
gonist of Ca21 release tested that can downregulate
nsP3Rs in a manner similar to that of fertilization (Fig. 5B).
The Effect of Protease Inhibitors on InsP3R
egradation
The finding that cycloheximide has no effect on InsP3R
levels indicates that the half-life of the protein in mouse
oocytes is significantly longer than 6 h and that the basal
rate of protein turnover is unable to explain the loss of
InsP3R immunoreactivity. Protein degradation in cells is
ormally via proteasomes, the lysosomal pathway (nor-
ally for transmembrane proteins), or, under certain con-
itions, namely apoptosis, activation of caspases. In so-
atic cells InsP3R downregulation appears to be via the
biquitin/proteasome pathway as there is evidence for both
biquitination and inhibition by proteasome inhibitors
FIG. 4. Protein kinase C activation does not cause InsP3R-I
downregulation. MII oocytes were incubated with 100 nM phorbol
ester (PMA) for 6 h and protein was electrophoresed (100 eggs per
lane) and blotted with CT1 next to control lanes of MII and
fertilized eggs and eggs aged for 6 h in culture medium alone. In all
four independent experiments PMA had no effect on InsP3R-I levels
A and B).s of reproduction in any form reserved.
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256 Brind, Swann, and Carroll
Copyright © 2000 by Academic Press. All right(Bokkala and Joseph, 1997; Oberdorf et al., 1999). In order to
dentify the mechanism of degradation of InsP3Rs in oo-
ytes, inhibitors of these pathways were tested. Our data
how that ALLN, a potent peptide aldehyde inhibitor of the
roteasome and other cysteine proteases, including calpain
Rock et al., 1994; Lee and Goldberg, 1998), was effective at
nhibiting downregulation, although there was considerable
ariation between experiments (Fig. 6A). In contrast
G132, a different peptide aldehyde, failed to inhibit down-
egulation (Fig. 6B) as did the more specific proteasome
nhibitor, lactacystin (Fig. 6C). Lactacystin has been re-
orted to be highly unstable in aqueous solution (Dick et
l., 1996) and can be inactivated by glutathione (Dicket al.,
997). Using a number of different batches and fresh lacta-
ystin every 30 min of culture failed to show any convinc-
ng inhibition of downregulation. Although no effect was
een on InsP3R levels, ALLN, MG132, and lactacystin
effectively inhibited polar body extrusion and egg activation,
presumably by blocking the proteasome-dependent degrada-
tion of cyclin B (Glotzer et al., 1991). Sperm penetration was
ot inhibited in these oocytes as indicated by the presence of
perm heads in the oocyte cytoplasm (not shown).
In order to examine other possible routes of InsP3R
egradation we used caspase inhibitor III, a broad spectrum
aspase inhibitor, and NH4Cl, which dissipates the acidic
H in the lysosomal compartment, thereby inhibiting pro-
eolysis. Western analysis revealed that neither inhibitor
ad any affect on the ability of sperm to induce InsP3R
ownregulation (Fig. 7). In contrast to the proteasomal
nhibitors described above, neither caspase inhibitor III nor
H4Cl inhibited egg activation (unpublished observations).
Does IP3R Downregulation Occur in Immature
ocytes?
Experiments so far have been performed using metaphase II
oocytes. To determine whether InsP3R downregulation was
dependent on the stage of oocyte maturation we have carried
out experiments using immature oocytes. Maturing oocytes
were fertilized within 2 h of release from the follicle. Western
analysis of oocytes some 6 h after fertilization revealed that
InsP3R downregulation takes place similar to that in mature
ocytes (Fig. 8). Thus loss of InsP3Rs occurs independent of the
tage of maturation and does not require the normal events
ssociated with egg activation.
The Effect of Downregulating InsP3Rs during
aturation on Ca21 Release at Fertilization
The finding that InsP3R downregulation occurs in matur-
ing oocytes and the availability of a potent downregulator
detectable levels (B), whereas carbachol had no effect on InsP3R-I
evels (Bii). Blots are representative of four experiments for each
reatment.FIG. 5. Microinjection of adenophostin A into MII oocytes causes
extensive InsP3R-I downregulation. MII oocytes were microin-
ected with adenophostin to produce a final concentration of
00–500 nM or were pretreated with 100 mM carbachol for 1 h. (A)
An example Ca21 record during microinjection of adenophostin
into a single Fura-2-loaded MII oocyte. Ca21 oscillations were
nduced immediately after injection, which is indicated by the
rrow. Ca21 is presented as the ratio of 340/380 nm. After 6 h
adenophostin-injected pronucleate eggs or carbachol-treated MII-
arrested eggs were collected and protein was electrophoresed (20
eggs per lane) and blotted with Ab40 type I-specific antibody.
Adenophostin A caused downregulation of the protein to belows of reproduction in any form reserved.
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257InsP3R Downregulation in Mouse Oocytes at FertilizationFIG. 6. The effect of proteasome inhibitors on InsP3R-I downregulation at fertilization. MII oocytes were preincubated for 2 h in ALLN (50
mg/ml) or MG132 (10 mM) before sperm addition and continued culture in inhibitor. Oocytes were preincubated in fresh lactacystin (50 mM) for
0 min before sperm addition and in fresh lactacystin every 30 min. Fertilized eggs were collected after 6 h (A, B, and Ci) or after 1, 2.5, 3.5, and
h (Cii). Protein from 100 eggs (A, B, and Ci) was electrophoresed and blotted with CT1 next to a control lane of eggs aged in inhibitor over the
ame time period (A and Ci). For the earlier time points with lactacystin protein from 40 eggs was electrophoresed and blotted with Ab40 next
o a control fertilization lane for each time point in addition to the control for inhibitor alone (Cii). Results show that ALLN was effective at
nhibiting downregulation (Ai) but there was some variation between experiments (Aii). Both MG132 and lactacystin failed to inhibit
ownregulation. Numbers refer to replicate lanes. The blots are representative of at least three collections at each time point for each inhibitor.
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258 Brind, Swann, and Carroll(adenophostin) suggests a straightforward protocol for pro-
ducing mature MII stage oocytes depleted of InsP3Rs. To
xamine the effect of depleting InsP3Rs on Ca21 signaling at
fertilization we have injected immature oocytes with ad-
enophostin within 2 h of release from the follicle. The
oocytes were then cultured for a further 12 h to allow in
vitro maturation to take place. Adenophostin had no effect
on the ability of oocytes to mature in vitro. Similar propor-
tions reached metaphase II, as assayed by polar body forma-
tion, in uninjected controls (82%, n 5 120) and adeno-
phostin-injected oocytes (82%, n 5 148). The pattern of
FIG. 7. The effect of inhibiting lysosomal proteases and caspases o
with sperm for 20 min before culture in medium containing 20 m
before sperm addition and continued culture in inhibitor. Fertilized
40 eggs was electrophoresed and blotted with Ab40 next to a con
neither inhibitor prevented InsP3R-I downregulation. Numbers refe
ach time point for each inhibitor.Copyright © 2000 by Academic Press. All righta21 release after adenophostin A injection (100–500 nM)
nto immature oocytes was examined and, surprisingly, we
ound that in all nine immature oocytes only one single
a21 transient was generated (Fig. 9A). We also confirmed
using Western analysis that adenophostin, like fertilization,
leads to the loss of InsP3Rs in immature oocytes and that
the receptors are not replaced by new protein synthesis
during oocyte maturation (Fig. 9B). Thus, despite limited
Ca21 release, adenophostin-mediated stimulation of InsP3Rs
was sufficient to induce downregulation and provide MII
oocytes depleted of InsP3Rs.
sP3R-I downregulation at fertilization. MII oocytes were incubated
H4Cl or were preincubated in 100 mM caspase inhibitor III for 1 h
were collected after 2 h (A) and after 3.5 h (A and B). Protein from
ertilization lane for the respective time point. Results show that
replicate lanes. The blots are representative of three collections atn In
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259InsP3R Downregulation in Mouse Oocytes at FertilizationMonitoring intracellular Ca21 at fertilization of InsP3R-
epleted oocytes revealed a dramatic inhibition of Ca21
release such that oocytes injected with 1–5 mM adenophos-
tin (n 5 9) showed no sperm-induced Ca21 transients (Table
1). In 6 of 13 oocytes injected with 100–500 nM adenophos-
tin, a single sperm-induced Ca21 transient was generated,
hile no spikes were generated in the others (Figs. 9Cii and
Ciii; Table 1). This inhibition of Ca21 release was reflected
in a complete failure of the adenophostin-injected oocytes
to form polar bodies and pronuclei after fertilization. We
confirmed that sperm penetration was not inhibited in the
InsP3R-depleted eggs. In one experiment Hoechst staining
evealed sperm heads in the cytoplasm of all 6 eggs. Further
vidence for sperm penetration is suggested in 8 of 12 Ca21
records from oocytes that failed to generate a Ca21 increase
by the presence of small changes in baseline Ca21 that we
nterpret as abortive sperm-induced Ca21 transients (Fig.
9Ciii). This indicated that sperm–egg fusion was normal in
adenophostin-injected oocytes but that the subsequent re-
lease of Ca21 was not.
To determine if inhibition of Ca21 release was specific to
ertilization, InsP3R-depleted and control oocytes were ex-
FIG. 8. InsP3R-I expression is downregulated at fertilization of
mmature oocytes undergoing in vitro maturation (IVM). Immature
oocytes were fertilized and collected for Western analysis of
InsP3R-I 6 h later. Protein from 40 fertilized immature oocytes
Fertilised IVM) was electrophoresed and blotted with Ab40 anti-
ody next to a control lane of 40 age-matched control oocytes
IVM). After fertilization, InsP3R-I levels had decreased to around
0% of control levels (B). The blot is representative of three
eparate experiments.Copyright © 2000 by Academic Press. All rightposed to Sr -containing medium. The effect of InsP3R
epletion on Sr21-induced signaling was similar to that seen
t fertilization. In 6 of 9 adenophostin-injected oocytes Sr21
medium induced a single Ca21 transient. One oocyte
showed three oscillations and 2 showed none (Fig. 10A;
Table 1). In contrast, 11 of 13 control oocytes showed
repetitive Ca21 transients typical of this stimulus (Fig. 10A;
Table 1). The InsP3R-depleted oocytes therefore have an
attenuated response to agonists that stimulate Ca21 oscil-
lations.
In order to ensure that this effect was due to InsP3R
downregulation and not some nonspecific effect on the Ca21
stores, the ability of thapsigargin to release intracellular
Ca21 stores was examined. Thapsigargin caused an increase
n intracellular Ca21 in all 15 adenophostin-injected and in
16 uninjected control oocytes examined (Fig. 10B). The peak
amplitude of the response was not significantly different
between the two groups (P , 0.08; Table 2). However, the
rate of rise was significantly slower in adenophostin-
injected oocytes compared to controls (P , 0.0001; Table
2). Thus it appears that the depletion of InsP3Rs does not
deplete Ca21 stores but does dramatically slow the loss of
Ca21 from the ER when the Ca21-ATPases are inhibited
ith thapsigargin.
DISCUSSION
In this study we extend our previous observations that
InsP3Rs undergo downregulation after fertilization (Par-
ington et al., 1998). We find that InsP3R downregulation is
ndependent of an increase in cytosolic Ca21 and egg acti-
vation. The strict requirements for the stimulation of
downregulation appear to involve prolonged activation of
the InsP3R, a condition that provides an insight into the
echanism of Ca21 signaling at fertilization. Furthermore,
we have generated InsP3R-depleted oocytes and find that
Ca21 signaling by sperm and Sr21 is inhibited. These studies
how the central role of InsP3Rs in Ca21 signaling at
fertilization and indicate how InsP3R regulation after fer-
tilization may provide a means of ensuring that Ca21 signals
re terminated.
The Stimulus of InsP3R Downregulation at
Fertilization: Implications for the Mechanism
of Ca21 Signaling at Fertilization
Fertilization stimulates a number of events that may be
important in the initiation of InsP3R downregulation. The
ain candidates for a role in InsP3R downregulation in-
lude (1) the structural reorganization of the oocyte at
ertilization, (2) the sperm-induced Ca21 changes, and (3) the
activation of proteolytic pathways that are normally asso-
ciated with cell cycle progression by degrading cyclin B
(Glotzer et al., 1991) and c-mos (Ishida et al., 1993). How-
ever, our data indicate that none of the above mechanisms
can account for sperm-induced InsP3R downregulation. The
nding that parthenogenetic activating agents, ethanol,s of reproduction in any form reserved.
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260 Brind, Swann, and CarrollFIG. 9. The Ca21 oscillation at fertilization of the MII oocyte requires the full complement of InsP3Rs. Immature oocytes were
icroinjected with adenophostin to produce a final concentration of 100–500 nM. (A) A representative Ca21 record during microinjection
f adenophostin into a single Fura-2-loaded immature oocyte. A single Ca21 transient was induced immediately after injection of the drug
at the arrow (typical of 9). Injected oocytes were allowed to mature over 12 h to the MII stage before collection for Western analysis. Protein
from 40 MII eggs was electrophoresed and blotted with Ab40 (B, lane 2) next to a control lane of uninjected in vitro-matured oocytes (B,
lane 1). Adenophostin induced extensive InsP3R downregulation. These data are representative of three experiments. Ca21 imaging of
InsP3R-depleted MII oocytes at fertilization revealed an almost complete inhibition of Ca21 release (C). Control in vitro-matured oocytes
generated repetitive Ca21 oscillations as illustrated by the representative records of 2 oocytes (Ci). Representative traces of 3
denophostin-injected in vitro-matured oocytes are shown in Cii and Ciii. Oocytes generate at most a single Ca21 transient in response to
perm (Cii), while others show an abortive Ca21 spike (Ciii). Ca21 is presented as the ratio of 340/380 nm. The data are typical examples
of recordings from 18 adenophostin-injected oocytes and 19 control oocytes.Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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261InsP3R Downregulation in Mouse Oocytes at FertilizationSr21, and cycloheximide, failed to downregulate InsP3Rs
shows that egg activation itself is not necessary for down-
regulation. Similarly, InsP3R downregulation can take place
in the absence of egg activation as indicated in the fertili-
zation of BAPTA-treated eggs and of immature oocytes.
These same experiments rule out a role for increases in
Sperm and Strontium-Induced Ca21 Signaling Is Inhibited in InsP3
Stimulus Treatmenta n Multiple Ca
Fertilization Control 19 1
Adenophostin
1–5 mM 9
100–500 nM 13
Strontium Control 7
Adenophostin 9
a Adenophostin was injected into immature oocytes, which wer
epleted of InsP3Rs. Controls were treated similarly but were not
FIG. 10. Ca21 release in InsP3R-depleted eggs in response to Sr21 and
ocytes (A). Representative traces from 7 in vitro-matured controls (A
ote the inability of Sr21 to stimulate transients. The application of 1
Ca21 in both control (B, i) and adenophostin-injected (B, ii) oocytes. Re
ocytes are shown. Adenophostin-injected oocytes show a significantCopyright © 2000 by Academic Press. All righta21. Agents that cause Ca21 release (Sr21 and ethanol) fail
to downregulate InsP3Rs and downregulation occurs in the
bsence of Ca21 transients (BAPTA-treated eggs). Finally,
ince cyclin B and c-mos are degraded in activated eggs
Kubiack et al., 1993; Moos et al., 1996), the mechanism
hat marks cyclin B and c-mos for proteolysis operates
pleted Oocytes
ansients Single Ca21 transients No Ca21 transients
0 2
0 9
6 7
0 2
6 2
n matured in vitro for 14 h. The mature oocytes that result were
ted.
sigargin. M2 containing 10 mM Sr21 was perfused onto Fura-2-loaded
d 9 adenophostin-injected, in vitro-matured oocytes (A, ii) are shown.
thapsigargin in Ca21-free medium caused an increase in intracellular
ntative traces from a total of 15 control and 16 adenophostin-injected
duced rate of Ca21 release (see Table 2).R-De
21 tr
7
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262 Brind, Swann, and Carrollindependent of the mechanism responsible for InsP3R
downregulation. Thus egg activation and changes in cyto-
solic Ca21 are neither necessary nor sufficient for inducing
InsP3R degradation at fertilization. Although these experi-
ents conclusively show which processes are not involved,
ubsequent studies reveal a role for InsP3 binding.
It is generally regarded that fertilization stimulates Ca21
release by the hydrolysis of PIP2 by PLC (Carroll et al.,
1997; Shearer et al., 1999; Jones et al., 1999). For the reasons
outlined above, the Ca21 arm of this signaling pathway
appears ineffective in the stimulation of InsP3R downregu-
lation and our data also preclude a role for the PKC arm.
The lack of any role for egg activation, Ca21, or PKC
uggested that the mechanism must be highly specific to
he process of fertilization, either a sperm-derived protease
hat degrades InsP3Rs or a more subtle and unappreciated
omponent of cell signaling at fertilization. During this
ork a study utilizing mutant InsP3Rs demonstrated that
the InsP3-binding domain of the receptor was necessary for
downregulation in SH-SY5Y cells (Zhu et al., 1999). This
supports our conclusion that Ca21 is not necessary or
sufficient since the degradation-resistant InsP3Rs are also
xposed to Ca21 increases. In a separate study from the same
ab a correlation was established between the ability of an
gonist to cause sustained InsP3 production and InsP3R
downregulation (Oberdorf et al., 1999). The finding that IP3
binding is necessary to downregulate InsP3Rs explains why
ur first efforts to stimulate downregulation failed; none of
he methods of parthenogenetic activation we used have
een reported to increase the production of InsP3. The
ailure of carbachol to stimulate downregulation, despite
obilizing Ca21, may be because it does not generate
prolonged InsP3 production. In contrast, when we activated
InsP3Rs using the potent InsP3R agonist, adenophostin A,
we found that, other than sperm, it was the only stimulus
capable of stimulating InsP3R downregulation. Adenophos-
tin A caused a decrease in the levels of InsP3Rs to a greater
xtent than sperm, such that the InsP3Rs were no longer
etectable (,10% of unfertilized oocytes). This increased
fficiency for the stimulation of downregulation is probably
ue to its 100-fold greater potency than InsP3 and its
resistance to InsP3-metabolizing enzymes (Takahashi et al.,
The Effect of InsP3R Depletion on Thapsigargin-Induced
a21 Releasea
Response to
thapsigargin
Controls
(n 5 15)
Adenophostin
(n 5 16)
Peak ratio 0.95 6 0.1 0.89 6 0.08
Rate of Ca21 increase
(s/0.1 ratio unit)
13.4 6 5.4 71 6 33.9*
a InsP3Rs were depleted by microinjecting immature oocytes
with adenophostin before maturation in vitro. Controls were
treated similarly except that they were not injected.
* Significantly different from controls (P , 0.001).Copyright © 2000 by Academic Press. All rightate also demonstrates that the plasma membrane receptor
athway is not necessary for the loss of InsP3Rs. Previously,
experiments using cell lines utilized receptor agonists and
were not able to preclude a contribution from the receptor-
mediated signaling (Bokkala and Joseph, 1997; Wojcik-
iewicz et al., 1994; Wojcikiewicz, 1995; Sipma et al., 1998).
Our data suggest that occupation of the InsP3R is sufficient
to induce its downregulation (Zhu et al., 1999).
The observation that sperm and adenophostin act in
similar manners to downregulate InsP3Rs has obvious im-
lications for our understanding of the mechanism of Ca21
signaling at fertilization. The major implication is that
sperm-induced Ca21 signaling is achieved through pro-
longed production of InsP3. Currently there is some consen-
sus in the field that a PLC is involved at fertilization
(Carroll et al., 1997; Shearer et al., 1999; Jones et al., 1999);
however, it is not clear how the PLC is activated. Clearly
our data support the involvement of a PLC and suggest that
the PLC remains active for the duration of the Ca21 signal-
ing. There are at least two models that can support the
generation of InsP3 for prolonged periods. One is a persis-
ent, chronic activation of PLC resulting in sustained eleva-
ion of InsP3 while the other is a mechanism that leads to
ransient activation of PLC leading to pulses of InsP3 being
produced at each Ca21 transient (Meyer and Stryer, 1988).
xperimental data to distinguish between these mecha-
isms are not currently available. However, our data appear
o argue against a mechanism of InsP3 production involving
a21-dependent activation of PLC. BAPTA-treated eggs
undergo downregulation but do not generate Ca21 tran-
sients and therefore lack the capacity to periodically acti-
vate PLC in a Ca21-dependent manner. A similar finding has
been reported in Xenopus eggs in which fertilization stimu-
lates an increase in IP3 mass which is not affected by the
presence of BAPTA (Stith et al., 1994). However, an alter-
native explanation is that BAPTA and fertilization lead to
depletion of Ca21 stores, which can induce ER stress
Llewellyn et al., 1996) and a resultant increase in proteol-
sis of ER-associated proteins (Haze et al., 1999; Nakagawa
t al., 2000). Ca21 store depletion is an alternative mecha-
nism of InsP3R downregulation that warrants further inves-
tigation. Another possible explanation for the ability of
downregulation to take place in the presence of BAPTA is
that BAPTA treatment may interfere with InsP3 metabo-
lism resulting in prolonged elevation of InsP3 (Stith et al.,
1994). Further work is required to identify the properties
and identity of the PLC involved at fertilization; our data
indicate that it is activated either continuously or periodi-
cally for several hours, possibly up to the first mitotic
metaphase (Kono et al., 1996).
An important question remaining is the identity of the
protease responsible for InsP3R downregulation at fertiliza-
tion. There are convincing data in somatic cells that InsP3R
ownregulation is via the proteasome. The receptors un-
ergo ubiquitination and downregulation can be inhibited
ffectively with the specific proteasome inhibitor lactacys-s of reproduction in any form reserved.
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263InsP3R Downregulation in Mouse Oocytes at Fertilizationtin (Bokkala and Joseph, 1997; Oberdorf et al., 1999). The
process of ubiquitination and degradation by the protea-
some is stimulated at egg activation in order to degrade
cyclin B (Glotzer et al., 1991) and c-mos (Ishida et al., 1993).
However, as discussed above, although the time course of
InsP3R degradation is similar to that of these proteins, it is
ndependent of cyclin B and c-mos destruction. Our data
ave not conclusively identified any one protease respon-
ible for InsP3R degradation. ALLN, an inhibitor of cysteine
proteases including the proteasome and calpain, is the only
inhibitor to have shown any inhibition of InsP3R downregu-
lation. Specific proteasome inhibitors, lactacystin and
MG132, were without effect in our hands. An indication
that the inhibitors were active was their ability to inhibit
egg activation, presumably by inhibiting the proteasome-
mediated degradation of cyclin B (Glotzer et al., 1991).
However, egg activation is dependent on many factors and
a nonspecific effect on egg activation cannot be ruled out.
The labile nature of lactacystin in aqueous solution and its
ability to be inactivated by glutathione (Dick et al., 1997),
which is present at a concentration of 10 mM in mature
oocytes (Perreault et al., 1988), raise questions of the
suitability of this inhibitor for use in eggs. Alternative
pathways such as caspases and lysosomal degradation of
InsP3Rs do not appear to be necessary for InsP3R downregu-
ation. Thus the protease responsible for InsP3R downregu-
ation at fertilization remains to be identified. Interestingly,
ecretagogues acting on pancreatic acinar cells stimulate
nsP3R ubiquitination and downregulation that is not in-
ibited by lactacystin (Wojcikiewicz et al., 1999).
The Effect of InsP3R Downregulation on Ca
21
Signaling: A Functional Reserve of InsP3Rs
n Mouse Oocytes
Fertilization-induced calcium transients continue for 3–4
h. We show that InsP3Rs decrease gradually over this time
course. InsP3Rs are downregulated by about 50% 2 h after
ertilization and are maximally downregulated to about
0% of control levels by 4 h after fertilization.. Clearly the
act that 50% of the InsP3Rs are degraded after 2 h, well
before the oscillations cease, suggests that at least 50% are
excess to requirements and may be considered a functional
reserve. It is difficult to separate the possible contribution
of a diminishing stimulus for Ca21 release from the effect of
nsP3R downregulation but there is no marked change in
he frequency of Ca21 during the series of fertilization-
nduced transients. Thus it appears that decreasing InsP3R
levels has little effect on the ability to generate Ca21
transients. The time at which maximal downregulation is
reached coincides with the approximate time the Ca21
transients stop after fertilization. It also correlates with the
time that the fertilized oocyte forms pronuclei and enters
interphase. We have previously shown that entering inter-
phase is directly related to the cessation of Ca21 transients
(Jones et al., 1995). The finding that this also represents the
time that InsP3Rs reach a nadir suggests that downregula-
ion may be a complementary mechanism to ensure thatCopyright © 2000 by Academic Press. All righta signaling ceases once the oocyte enters the first
itotic interphase. The inability to specifically inhibit
nsP3R downregulation and cell cycle progression in oo-
ytes limits our ability to test whether there is a causal link
etween downregulation and the cessation of Ca21 tran-
ients. Thus, the decrease in InsP3Rs may be a physiological
daptation contributing to the cessation of fertilization-
nduced Ca21 transients or it may simply reflect the inevi-
able removal of a functional reserve of receptors. Either
ay it is clear that the InsP3Rs present after fertilization are
ufficient for Ca21 signaling requirements of early embryos
Kono et al., 1996) as the InsP3R protein does not return to
prefertilization levels during early development (Parrington
et al., 1998).
The Role of InsP3Rs in Ca
21 Signaling
at Fertilization
We have utilized the ability to stimulate InsP3R down-
regulation in immature oocytes to generate mature MII
oocytes depleted of InsP3Rs. These studies revealed that
nsP3Rs are critically important for the generation of Ca21
transients at fertilization. The injection of approximately 1
mM adenophostin A completely abolished Ca21 signaling at
ertilization while 100 nM often supported the generation
f one Ca21 transient. The inhibition of Ca21 signaling was
ot an artifact of adenophostin on Ca21 stores since thapsi-
gargin produced a Ca21 increase that reached a peak similar
to that of uninjected controls. Depletion of InsP3Rs did have
a dramatic slowing effect on the rate at which Ca21 was
eleased from the ER, suggesting that in resting oocytes
here is a considerable flux of Ca21 through the InsP3Rs that
s returned to the stores by the thapsigargin-sensitive Ca21-
TPase. To confirm that InsP3R-depleted oocytes were not
specifically affected in fertilization-induced Ca21 signaling
e applied Sr21-containing medium. Sr21 produced a re-
ponse very similar to that of the fertilized oocyte with only
ne oocyte showing multiple oscillations. It has been
hown that Sr21 binds to and activates an activating Ca21
binding site on the InsP3R (Marshall and Taylor, 1994) but
the present study is the first to show that Sr21-mediated
oscillations are generated through the InsP3Rs. InsP3R I is,
therefore, the sole InsP3R necessary for fertilization and
r21-induced oscillation. Although ryanodine receptors
have been found in mouse oocytes (Ayabe et al., 1995) this
study suggests that they play little role in the generation of
Ca21 signals in mouse oocytes.
InsP3R knockout oocytes have not previously been used
o study Ca21 signaling at fertilization. The type I
InsP3R(2/2) mouse dies prior to maturity (Matsumoto et
l., 1996) and oocytes generated from the crosses of het-
rozygous InsP3R(1/2) parents are endowed with maternal
nsP3Rs. As a result it has not been possible to test, in a
o-called InsP3R knockout oocyte, the role of InsP3Rs at
fertilization. The results from our model agree completely
with those obtained with an anti-InsP3R antibody, 18A10,
which was used to first demonstrate the central role that
InsP3Rs play at fertilization (Miyazaki et al., 1992, 1993).s of reproduction in any form reserved.
Dproteasome in a ubiquitin-dependent fashion. FEBS Lett. 324,
K
K
M
M
M
M
264 Brind, Swann, and CarrollACKNOWLEDGMENTS
We thank John Parrington and Richard Tunwell and Richard
Wojcikiewicz, for advice and helpful discussions throughout this
work, and Richard Wojcikiewicz and Tony Lai for antibodies CT1
and Ab40, respectively. S.B. is the recipient of an MRC Student-
ship. This work was funded by the MRC through an MRC Career
Development Award to J.C. and benefited from research facilities
funded by the Wellcome Trust.
REFERENCES
Ayabe, T., Kopf, G. S., and Schultz, R. M. (1995). Regulation of
mouse egg activation: Presence of ryanodine receptors and effects
of microinjected ryanodine and cyclic ADP ribose on uninsemi-
nated and inseminated eggs. Development 121, 2233–2244.
Berridge, M. J. (1993). Inositol trisphosphate and calcium signalling.
Nature 361, 315–325.
Bokkala, S., and Joseph, S. K. (1997). Angiotensin II-induced down-
regulation of inositol trisphosphate receptors in WB rat liver
epithelial cells. Evidence for involvement of the proteasome
pathway. J. Biol. Chem. 272, 12454–12461.
Carroll, D. J., Ramarao, C. S., Mehlmann, L. M., Roche, S.,
Terasaki, M., and Jaffe, L. A. (1997). Calcium release at fertiliza-
tion in starfish eggs is mediated by phospholipase Cgamma.
J. Cell Biol. 138, 1303–1311.
Ciapa, B., Pesando, D., Wilding, M., and Whitaker, M. (1994).
Cell-cycle calcium transients driven by cyclic changes in inositol
trisphosphate levels. Nature 368, 875–878.
Collas, P., Chang, T., Long, C., and Robl, J. M. (1995). Inactivation
of histone H1 kinase by Ca21 in rabbit oocytes. Mol. Reprod. Dev.
40, 253–258.
e Smedt, H., Missiaen, L., Parys, J. B., Bootman, M. D., Mertens,
L., Van Den Bosch, L., and Casteels, R. (1994). Determination of
relative amounts of inositol trisphosphate receptor mRNA iso-
forms by ratio polymerase chain reaction. J. Biol. Chem. 269,
21691–21698.
Dick, L. R., Cruikshank, A. A., Grenier, L., Melandri, F. D., Nunes,
S. L., and Stein, R. L. (1996). Mechanistic studies on the inacti-
vation of the proteasome by lactacystin: A central role for
clasto-lactacystin beta-lactone. J. Biol. Chem. 271, 7273–7276.
Dick, L. R., Cruikshank, A. A., Destree, A. T., Grenier, L., McCor-
mack, T. A., Melandri, F. D., Nunes, S. L., Palombella, V. J.,
Parent, L. A., Plamondon, L., and Stein, R. L. (1997). Mechanistic
studies on the inactivation of the proteasome by lactacystin in
cultured cells. J. Biol. Chem. 272, 182–188.
Fulton, B. P., and Whiitingham, D. G. (1978). Activation of mam-
malian eggs by intracellular injection of calcium. Nature 273,
149–150.
Glotzer, M., Murray, A. W., and Kirschner, M. W. (1991). Cyclin is
degraded by the ubiquitin pathway. Nature 349, 132–138.
Haze, K., Yoshida, H., Yanagi, H., Yura, T., and Mori, K. (1999).
Mammalian transcription factor ATF6 is synthesized as a trans-
membrane protein and activated by proteolysis in response to
endoplasmic reticulum stress. Mol. Biol. Cell 10, 3787–3799.
He, C. L., Damiani, P., Ducibella, T., Takahashi, M., Tanzawa, K.,
Parys, J. B., and Fissore, R. A. (1999). Isoforms of the inositol
1,4,5-trisphosphate receptor are expressed in bovine oocytes and
ovaries: The type-1 isoform is down-regulated by fertilization
and by injection of adenophostin A. Biol. Reprod. 61, 935–943.
Ishida, N., Tanaka, K., Tamura, T., Nishizawa, M., Okazaki, K.,
Sagata, N., and Ichihara, A. (1993). Mos is degraded by the 26SCopyright © 2000 by Academic Press. All right345–348.
Jones, K. T., Carroll, J., Merriman, J. A., Whittingham, D. G., and
Kono, T. (1995). Repetitive sperm-induced Ca21 transients in
mouse oocytes are cell cycle dependent. Development 121,
3259–3266.
Jones, K. T., Cruttwell, C., Parrington, J., and Swann, K. (1999). A
mammalian sperm cytosolic phospholipase C activity generates
inositol trisphosphate and causes Ca21 release in sea urchin egg
homogenates. FEBS Lett. 437, 297–300.
line, D., and Kline, J. T. (1992). Repetitive calcium transient and
the role of calcium in exocytosis and cell cycle activation in the
mouse egg. Dev. Biol. 149, 80–89.
ono, T., Jones, K. T., Bos-Mikich, A., Whittingham, D., and
Carroll, J. (1996). A cell cycle-associated change in Ca21 releasing
activity leads to the generation of Ca21 transients in mouse
embryos during the first mitotic division. J. Cell Biol. 132,
915–923.
Kubiak, J. Z., Weber, M., de Pennart, H., Winston, N. J., and Maro,
B. (1993). The metaphase II arrest in mouse oocytes is controlled
through microtubule-dependent destruction of cyclin B in the
presence of CSF. EMBO J. 12, 3773–3778.
Kume, S., Muto, A., Aruga, J., Nakagawa, T., Michikawa, T.,
Furuichi, T., Nakade, S., Okano, H., and Mikoshiba, K. (1993).
The Xenopus IP3 receptor: Structure, function, and localization
in oocytes and eggs. Cell 73, 555–570.
Lawrence, Y., Whitaker, M., and Swann, K. (1997). Sperm–egg
fusion is the prelude to the initial Ca21 increase at fertilization in
the mouse. Development 124, 233–241.
Lawrence, Y., Ozil, J. P., and Swann, K. (1988). The effects of a Ca21
chelator and heavy-metal-ion chelators upon Ca21 oscillations
and activation at fertilization in mouse eggs suggest a role for
repetitive Ca21 increases. Biochem. J. 335, 335–342.
Lee, D. H., and Goldberg, A. L. (1998). Proteasome inhibitors:
Valuable new tools for cell biologists. Trends Cell Biol. 8,
397–403.
Llewellyn, D. H., Kendall, J. M., Sheikh, F. N., and Campbell, A. K.
(1996). Induction of calreticulin expression in HeLa cells by
depletion of the endoplasmic reticulum Ca21 store and inhibition
of N-linked glycosylation. Biochem. J. 318, 555–560.
arshall, I. C., and Taylor, C. W. (1994). Two calcium-binding sites
mediate the interconversion of liver inositol 1,4,5-trisphosphate
receptors between three conformational states. Biochem. J. 301,
591–598.
atsumoto, M., Nakagawa, T., Inoue, T., Nagata, E., Tanaka, K.,
Takano, H., Minowa, O., Kuno, J., Sakakibara, S., Yamada, M.,
Yoneshima, H., Miyawaki, A., Fukuuchi, Y., Furuichi, T.,
Okano, H., Mikoshiba, K., and Noda, T. (1996). Ataxia and
epileptic seizures in mice lacking type 1 inositol 1,4,5-
trisphosphate receptor. Nature 379, 168–171.
ehlmann, L. M., Mikoshiba, K., and Kline, D. (1996). Redistribu-
tion and increase in cortical inositol 1,4,5-trisphosphate recep-
tors after meiotic maturation of the mouse oocyte. Dev. Biol.
180, 489–498.
ehlmann, L. M., Carpenter, G., Rhee, S. G., and Jaffe, L. A. (1998).
SH2 domain-mediated activation of phospholipase Cgamma is
not required to initiate Ca21 release at fertilization of mouse
eggs. Dev. Biol. 203, 221–232.
Meyer, T., and Stryer, L. (1988). Molecular model for receptor-
stimulated calcium spiking. Proc. Natl. Acad. Sci. USA 85,
5051–5055.
Mikoshiba, K. (1993). Inositol 1,4,5-trisphosphate receptor. Trends
Pharmacol. Sci. 14, 86–89.s of reproduction in any form reserved.
Miyazaki, S., Yuzaki, M., Nakada, K., Shirakawa, H., Nakanishi, S.,
M
N
N
Stith, B. J., Espinoza, R., Roberts, D., and Smart, T. (1994). Sperm
X
Z
265InsP3R Downregulation in Mouse Oocytes at FertilizationNakade, S., and Mikoshiba, K. (1992). Block of Ca21 wave and
Ca21 oscillation by antibody to the inositol 1,4,5-trisphosphate
receptor in fertilized hamster eggs. Science 257, 251–255.
Miyazaki, S., Shirakawa, H., Nakada, K., and Honda, Y. (1993).
Essential role of the inositol 1,4,5-trisphosphate receptor/Ca21
release channel in Ca21 waves and Ca21 oscillations at fertiliza-
tion of mammalian eggs. Dev. Biol. 158, 62–78.
oos, J., Kopf, G. S., and Schultz, R. M. (1996). Cycloheximide-
induced activation of mouse eggs: Effects on cdc2/cyclin B and
MAP kinase activities. J. Cell Sci. 109, 739–748.
akagawa, T., Okano, H., Furuichi, T., Aruga, J., and Mikoshiba, K.
(1991). The subtypes of the mouse inositol 1,4,5-trisphosphate
receptor are expressed in a tissue-specific and developmentally
specific manner. Proc. Natl. Acad. Sci. USA 88, 6244–6248.
akagawa, T., Zhu, H., Morishima, N., Li, E., Xu, J., Yankner,
B. A., and Yuan, J. (2000). Caspase-12 mediates endoplasmic-
reticulum-specific apoptosis and cytotoxicity by amyloid-beta.
Nature 403, 98–103.
Oberdorf, J., Webster, J. M., Zhu, C. C., Luo, S. G., and Wojcik-
iewicz, R. J. (1999). Down-regulation of types I, II and III inositol
1,4,5-trisphosphate receptors is mediated by the ubiquitin/
proteasome pathway. Biochem. J. 339, 453–461.
Ozil, J. P. (1990). The parthenogenetic development of rabbit
oocytes after repetitive pulsatile electrical stimulation. Develop-
ment 109, 117–127.
Parrington, J., Brind, S., De Smedt, H., Gangeswaran, R., Lai, F. A.,
Wojcikiewicz, R., and Carroll, J. (1998). Expression of inositol
1,4,5-trisphosphate receptors in mouse oocytes and early em-
bryos: The type I isoform is upregulated in oocytes and down-
regulated after fertilization. Dev. Biol. 203, 451–461.
Parys, J. B., and Bezprozvanny, I. (1995). The inositol trisphosphate
receptor of Xenopus oocytes. Cell Calcium 18, 353–363.
Perreault, S. D., Barbee, R. R., and Slott, V. L. (1988). Importance of
glutathione in the acquisition and maintenance of sperm nuclear
decondensing activity in maturing hamster oocytes. Dev. Biol.
125, 181–186.
Rock, K. L., Gramm, C., Rothstein, L., Clark, K., Stein, R., Dick, L.,
Hwang, D., and Goldberg, A. L. (1994). Inhibitors of the protea-
some block the degradation of most cell proteins and the genera-
tion of peptides presented on MHC class I molecules. Cell 78,
761–771.
Sato, Y., Miyazaki, S., Shikano, T., Mitsuhashi, N., Takeuchi, H.,
Mikoshiba, K., and Kuwabara, Y. (1998). Adenophostin, a potent
agonist of the inositol 1,4,5-trisphosphate receptor, is useful for
fertilization of mouse oocytes injected with round spermatids
leading to normal offspring. Biol. Reprod. 58, 867–873.
Shearer, J., De Nadai, C., Emily-Fenouil, F., Gache, C., Whitaker,
M., and Ciapa, B. (1999). Role of phospholipase Cgamma at
fertilization and during mitosis in sea urchin eggs and embryos.
Development 126, 2273–2284.
Sipma, H., Deelman, L., De Smedt, H., Missiaen, L., Parys, J. B.,
Vanlingen, S., Henning, R. H., and Casteels, R. (1998). Agonist-
induced down-regulation of type 1 and type 3 inositol trisphos-
phate receptors in A7r5 cells and DDT MF-2 smooth muscle
cells. Cell Calcium 23, 11–21.Copyright © 2000 by Academic Press. All rightincrease inositol 1,4,5-trisphosphate mass in Xenopus laevis eggs
preinjected with calcium buffers or heparin. Dev. Biol. 165,
206–215.
Swann, K., and Ozil, J.-P. (1994). Dynamics of the calcium signal
that triggers mammalian egg activation. Int. Rev. Cytol. 152,
183–215.
Takahashi, M., Tanzawa, K., and Takahashi, S. (1994). Adeno-
phostins, newly discovered metabolites of Penicillium brevicom-
pactum, act as potent agonists of the inositol 1,4,5-
trisphosphatereceptor. J. Biol. Chem. 269, 369–372.
Taylor, C. W. (1998). Inositol trisphosphate receptors: Ca21-
modulated intracellular Ca21 channels. Biochim. Biophys. Acta
1436, 19–33.
Whitaker, M., and Swann, K. (1993). Lighting the fuse at fertiliza-
tion. Development 117, 1–17.
Williams, C. J., Mehlmann, L. M., Jaffe, L. A., Kopf, G. S., and
Schultz, R. M. (1998). Evidence that Gq family G proteins do not
function in mouse egg activation at fertilization. Dev. Biol. 198,
116–127.
Wojcikiewicz, R. J. (1995). Type I, II, and III inositol 1,4,5-
trisphosphate receptors are unequally susceptible to down-
regulation and are expressed in markedly different proportions in
different cell types. J. Biol. Chem. 270, 11678–11683.
Wojcikiewicz, R. J., Furuichi, T., Nakade, S., Mikoshiba, K., and
Nahorski, S. R. (1994). Muscarinic receptor activation down-
regulates the type I inositol 1,4,5-trisphosphate receptor by
accelerating its degradation. J. Biol. Chem. 269, 7963–7969.
Wojcikiewicz, R. J., Ernst, S. A., and Yule, D. I. (1999). Secreta-
gogues cause ubiquitination and down-regulation of inositol
1,4,5-trisphosphate receptors in rat pancreatic acinar cells. Gas-
troenterology 116, 1194–1201.
Xu, Z., Kopf, G. S., and Schultz, R. M. (1994). Involvement of
inositol 1,4,5-trisphosphate-mediated Ca21 release in early and
late events of mouse egg activation. Development 120, 1851–
1859.
u, Z., Abbott, A., Kopf, G. S., Schultz, R. M., and Ducibella, T.
(1997). Spontaneous activation of ovulated mouse eggs: Time-
dependent effects on M-phase exit, cortical granule exocytosis,
maternal messenger ribonucleic acid recruitment, and inositol
1,4,5-trisphosphate sensitivity. Biol. Reprod. 57, 743–750.
aidi, M., Shankar, V. S., Tunwell, R., Adebanjo, O. A., Mackrill, J.,
Pazianas, M., O’Connell, D., Simon, B. J., Rifkin, B. R., Venkit-
araman, A. R., Huang, C. L.-H., and Lai, F. A. (1995). A ryanodine
receptor-like molecule expressed in the osteoclast plasma mem-
brane functions in extracellular Ca21 sensing. J. Clin. Invest. 96,
1582–1590.
Zhu, C. C., Furuichi, T., Mikoshiba, K., and Wojcikiewicz, R. J.
(1999). Inositol 1,4,5-trisphosphate receptor down-regulation is
activated directly by inositol 1,4,5-trisphosphate binding. Stud-
ies with binding-defective mutant receptors. J. Biol. Chem. 274,
3476–3484.
Received for publication February 1, 2000
Revised March 7, 2000
Accepted March 31, 2000s of reproduction in any form reserved.
